Transcriptionally repressive histone H3 lysine 27 methylation by Polycomb repressive complex 2 (PRC2) is essential for cellular differentiation and development. Here we report cryo-electron microscopy structures of human PRC2 in a basal state and two distinct active states while in complex with its cofactors JARID2 and AEBP2. Both cofactors mimic the binding of histone H3 tails. JARID2, methylated by PRC2, mimics a methylated H3 tail to stimulate PRC2 activity, whereas AEBP2 interacts with the RBAP48 subunit, mimicking an unmodified H3 tail. SUZ12 interacts with all other subunits within the assembly and thus contributes to the stability of the complex. Our analysis defines the complete architecture of a functionally relevant PRC2 and provides a structural framework to understand its regulation by cofactors, histone tails, and RNA. P olycomb repressive complex 2 (PRC2) is responsible for introducing and maintaining heterochromatin regions and for spreading a transcriptionally repressive state locally (1, 2). PRC2 consists of four core proteins: EZH2, EED, SUZ12, and RBAP46/RBAP48 (3). EZH2 catalyzes the trimethylation of histone H3 at lysine 27 (H3K27me3), a repressive marker ultimately resulting in transcriptional silencing through chromatin compaction (1). EED binding of H3K27me3 allosterically activates EZH2 (4, 5). PRC2 associates with several cofactors that may modulate its activity and aid in its recruitment to chromatin (3, 6-9). The best characterized cofactors are AEBP2 and JARID2, which coexist in PRC2 complexes (6, 10, 11) .
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Transcriptionally repressive histone H3 lysine 27 methylation by Polycomb repressive complex 2 (PRC2) is essential for cellular differentiation and development. Here we report cryo-electron microscopy structures of human PRC2 in a basal state and two distinct active states while in complex with its cofactors JARID2 and AEBP2. Both cofactors mimic the binding of histone H3 tails. JARID2, methylated by PRC2, mimics a methylated H3 tail to stimulate PRC2 activity, whereas AEBP2 interacts with the RBAP48 subunit, mimicking an unmodified H3 tail. SUZ12 interacts with all other subunits within the assembly and thus contributes to the stability of the complex. Our analysis defines the complete architecture of a functionally relevant PRC2 and provides a structural framework to understand its regulation by cofactors, histone tails, and RNA. P olycomb repressive complex 2 (PRC2) is responsible for introducing and maintaining heterochromatin regions and for spreading a transcriptionally repressive state locally (1, 2) . PRC2 consists of four core proteins: EZH2, EED, SUZ12, and RBAP46/RBAP48 (3). EZH2 catalyzes the trimethylation of histone H3 at lysine 27 (H3K27me3), a repressive marker ultimately resulting in transcriptional silencing through chromatin compaction (1) . EED binding of H3K27me3 allosterically activates EZH2 (4, 5) . PRC2 associates with several cofactors that may modulate its activity and aid in its recruitment to chromatin (3, (6) (7) (8) (9) . The best characterized cofactors are AEBP2 and JARID2, which coexist in PRC2 complexes (6, 10, 11) .
A structure of human PRC2 with AEBP2, obtained using negative-stain electron microscopy (EM), elucidated the overall architecture and subunit organization of the complex (12) . More recently, crystal structures of the catalytic lobeconsisting of EZH2, EED, and the VEFS domain of SUZ12 (refer to Fig. 1A for proteins and domains), with either trimethylated H3 or a trimethylated JARID2 peptide bound to EED-hinted at a potential mechanism for allosteric activation of EZH2 (4, 5, (13) (14) (15) . The binding of methylated JARID2 to EED, mimicking that of a methylated histone H3 tail, has been suggested to play an important role in promoting PRC2 methyltransferase activity toward nucleosomes in the absence of preexisting H3K27me3 (14) . In both cases, binding of the methylated peptide stabilized a stimulatory responsive motif (SRM) that is otherwise disordered and that subsequently interacts with the catalytic SET domain in EZH2 (4, 13, 15) . Additionally, the crystal structure of RBAP48 bound to a histone peptide described RBAP48's preference for unmodified H3 over H3K4me3, which is known to inhibit PRC2 activity (16) . However, the mechanisms by which different histone substrates and cofactors regulate the activity of the complete complex are unknown. Given that cofactors are thought to be integral parts of PRC2 complexes in vivo (10, (17) (18) (19) , how they affect PRC2 structure and function remains a crucially important question.
Here we report three high-resolution cryo-EM structures of the complete human PRC2 with the cofactors AEBP2 and JARID2, respectively corresponding to two distinct active states and a basal state in which PRC2 is bound to AEBP2 and a shorter JARID2 construct. The structures show that both JARID2 and AEBP2 mimic histone tails binding to PRC2 and that SUZ12 interacts with all other subunits and the cofactors. SUZ12 and AEBP2, with the help of JARID2, bridge the catalytic lobe with the rest of PRC2 and play a pivotal role in maintaining its structural integrity. Collectively, these structures elucidate the synergistic effect of AEBP2 and JARID2 on PRC2 activity.
To maximize the resolution of our cryo-EM analysis, we purified PRC2 with truncations in the core subunits EED and SUZ12 to eliminate large unstructured regions without a known functional role (methods). We also used a minimal construct of JARID2 (amino acid residues 106 to 450) that has been shown to be sufficient for binding nucleosomes and stimulating PRC2 activity (6, 7, 18) . We refer to this 330-kDa complex as PRC2-AJ 106 . Cross-linking mass spectrometry (XL-MS) (Fig. 1B) and cryo-EM studies ( fig. S1A ) both confirmed that the truncations did not affect the overall architecture of the complex. JARID2 has been shown to be a substrate of PRC2 and to bind to EED when methylated at K116 (13, 14) . We obtained reconstructions at 3.5 and 3.9 Å for two coexisting conformational states of PRC2-AJ 106 (Fig. 1C and figs. S1B and S2), both containing a substrate JARID2 at the EZH2 active site, as well as a stimulatory, methylated JARID2 bound to EED (Fig. 2, A and B; fig. S3 ; and table S1). Therefore, we consider both states to be active and refer to them as "compact active" and "extended active" states, respectively. Although there is no significant difference in the conformation of the catalytic SET domain ( fig. S4, A and B) , the two states differ in the conformations of the SRM, which is stably bound in the compact active state but disordered in the extended active state, and of the SBD-SANT1 module, where SBD stands for SANT1-binding domain. Whereas in the compact active state, the SBD is bent and the SANT1 is packed against the SBD, in the extended active state, the SBD is straight and the SBD-SANT1 module stands tall over the EED (Fig. 1C) . Figure 1D shows the overall structure of PRC2 in the compact active state, bound to its two cofactors. Adding to the previous description of the catalytic half comprising the top lobe, which includes EZH2, EED, and the SUZ12 VEFS domain, our study now describes the bottom lobe that includes the rest of SUZ12, RBAP48, and stably bound segments of AEBP2 and JARID2. The resolution of our cryo-EM structures, together with XL-MS data, allowed us to generate an atomic model of this complete, functionally relevant, sixsubunit human complex (movie S1).
The previous crystal structure of the human catalytic subcomplex containing an activating peptide bound to EED corresponds closely to the compact active state described here (4, 13), likely because the crystal structure was trapped in the more compact state. In our study, the JARID2 segment bound to EED has fewer interactions with the SRM in the extended active state ( Fig.  2A ). In the compact active state, the interactions of methylated JARID2 with the EED aromatic cage (F97, Y148, and Y365) and the side chain of D136 from the EZH2 SRM are consistent with those previously reported ( Fig. 2A) (13) . To probe further the role of JARID2 K116me2/3 in the conformational partitioning of PRC2, we also visualized a ternary complex of PRC2 bound to AEBP2 and a shorter JARID2 construct (residues 119 to 450) lacking K116, which we refer to as PRC2-AJ 119 ( fig. S5 ). As expected, there is no JARID2 bound to either EED or the EZH2 active site (Fig. 2C) , further supporting our assignments of the JARID2 segments in these regions for the active states of PRC2-AJ 106 . The PRC2-AJ 119 structure overall resembles the extended active state (i.e., disordered SRM and straight SBD) but differs from it in the relative position of the methyltransferase catalytic SET domain with respect to EED ( fig. S4 , B and C). Thus, the absence of JARID2 residues 106 to 118 results in a PRC2 structure that lacks the conformational landmarks associated with activation, and we refer to the structure of PRC2-AJ 119 as the extended basal state.
Our PRC2 structures validate biochemical experiments demonstrating that JARID2 is a substrate of PRC2 (14) through the direct visualization of two JARID2 molecules simultaneously bound to the allosteric and active sites of the complex. Such structures lend strong support to a model in which PRC2 initially acts on unmethylated JARID2 and methylates it at K116, and this methylated JARID2 then binds EED, resulting in allosteric stimulation of PRC2 and a cascade of PRC2 activity toward additional unmethylated JARID2 substrate. Additionally, our observations emphasize the conformational versatility of PRC2, wherein the binding of a methylated peptide to EED is not strictly coupled to EZH2 (SRM) stabilization. The existence of two distinct active PRC2 states suggest that additional signals could exploit the conformational complexity of PRC2 to fine-tune PRC2 methyltransferase activity, its interaction with nucleosomes, and/or other functional aspects of the complex. Furthermore, although we observed density for both cofactors in our structure (discussed below), both AEBP2 and JARID2 contain large disordered regions that are unresolved in our reconstructions. This flexibility of the cofactors, together with the coexistence of multiple conformational states, further reflects the intrinsic conformational variability that may be exploited to integrate diverse cues critical for the complex regulation of PRC2 in different biological contexts.
Our MS analysis of PRC2-AJ 106 revealed JARID2 to be mono-, di-, and trimethylated at K116 and phosphorylated on neighboring serine residues (S120, S124, or S126) ( fig. S3, A and B) . A similar MS analysis of PRC2-AJ 119 showed no differences in the phosphorylation of these residues in JARID2 ( fig. S3B ), suggesting that JARID2 K116 methylation by PRC2 is unlikely to be required for this phosphorylation. It is possible that phosphorylation facilitates processivity of JARID2 methylation by PRC2, perhaps by decreasing the off rate of the K116me1 peptide at the active site. It is tempting to speculate that JARID2 phosphorylation could be part of a mechanism of controlling PRC2 methyltransferase activity toward JARID2 and, thus, its activity toward other targets as well. Further studies aimed at elucidating the relationship between serine phosphorylation and different methylation states of JARID2, as well as the conformational states of PRC2, hold promise for enhancing our mechanistic understanding of PRC2 regulation and function. AEBP2, like JARID2, plays a role in the stimulation of PRC2 methyltransferase activity (17, 20) , but the structural basis for such stimulation is unknown. AEBP2 contains three C2H2-type zinc fingers (17) , and previous labeling studies localized these domains by the top lobe of PRC2 near the EED and EZH2 (SET) domains (12) . In our cryo-EM reconstructions, the N-terminal region of AEBP2 containing the three zinc fingers is disordered, whereas part of the C-terminal region is clearly visible and appears to have a stabilizing effect on the complex (Fig. 2D and  fig. S6A ). The fold of AEBP2 is mostly dictated by its interactions with SUZ12. Residues 269 to 283 of AEBP2 interact with the "foot" of the complex, which is part of SUZ12 ( Fig. 2D ; discussed below), and a preceding helical segment (residues 246 to 266) forms extensive hydrophobic interactions with a helix near the N terminus of SUZ12 (referred to as ABH in Figs. 1D and 2D and fig. S7A ). Most importantly, our structures reveal that K294 and R295, at the C terminus of AEBP2, mimic the binding of R2 and K4 of histone H3 to RBAP48 (16) (Fig. 2, D to F) . This finding suggests a potential interplay between AEBP2 and unmodified H3K4 when PRC2 is recruited to nucleosomes. Although unmodified H3K4 has been proposed to stimulate PRC2 through its binding to RBAP48 (16), a functional explanation for this allosteric effect has been hard to envision, especially because RBAP48 is located 60 Å away from the EZH2 SET domain (fig. S6B ). Our structures now suggest that the interactions of the C-terminal region of AEBP2 with RBAP48 and SUZ12 help position the more flexible N-terminal elements of AEBP2, including the three zinc fingers, near the EZH2 SET domain (fig. S6C ). This proposal is supported by our XL-MS analysis, which shows that the region comprising residues 160 to 200 of AEBP2, which is rich in lysine and arginine, extends toward and likely interacts with the SET Kasinath domain ( fig. S6, A and C) . Thus, AEBP2 appears to have the potential to establish a structural bridge between RBAP48 and the SET domain, which we propose contributes to the allosteric coupling of these distant sites ( fig. S6C and S7C ). Our work directly shows that both cofactors, AEBP2 and JARID2, contain segments that simultaneously engage histone tail binding sites on PRC2. The observation that both cofactors mimic histone H3 tails suggests that they could function to regulate PRC2 activity in diverse chromatin environments by selectively overriding the effects of existing histone marks. JARID2 K116me2/3 can dispense with the need for H3K27me3 to stimulate PRC2, and AEBP2 interacts with RBAP48 at a site that is engaged by unmethylated H3K4, but not by the inhibitory H3K4me3 (16), potentially allowing PRC2 to remain active even in the presence of the H3K4me3 mark.
Structural and functional information about the role played by SUZ12 has so far been limited to the C-terminal VEFS domain (4, 13, 15, 20) . Our structures now show that SUZ12 is critical for maintaining the integrity of the full complex and for the synergistic effect of AEBP2 and JARID2 on PRC2 activity. SUZ12 follows a complicated path through the complex and interacts with all other core components, as well as the two cofactors (Fig. 3A and fig. S8A ). SUZ12 contains a C2H2-type zinc-finger domain (residues 448 to 472) (20) (Fig. 3D ) that provides a platform for the folding of regions extending both N-and C-terminally (residues 426 to 548), which we collectively refer to as the "neck" region (NR in Fig. 3,  A and B, and fig. S8A ). The SUZ12 neck region interacts both with an AEBP2 helical segment (residues 246 to 266) and a lysine-and argininerich region of AEBP2 (residues 160 to 200) and thereby helps AEBP2 establish a bridge between RBAP48 and the EZH2 SET domain. (Fig. 3B and  4C and fig. S6C ). In addition, the SUZ12 neck region forms extensive hydrophobic interactions with catalytically important regions of EZH2 (the so-called SAL motif), EED, and the SUZ12 VEFS domain. Mutations in residues of the SUZ12 neck region (R508C) and SUZ12 VEFS (N562S) seen in adenocarcinoma and myeloproliferative neoplasms (21, 22) map to the contacts with the EZH2 (SAL) and SUZ12 neck region, respectively. Although the VEFS domain of SUZ12 has been known to be important for the proper folding and activity of EZH2 (4, 16), we find additionally that the interaction of the SUZ12 neck region with the VEFS domain is important for the stability of SUZ12 within the PRC2 complex (Fig. 3E) . We also find that the region of SUZ12 corresponding to residues 109 to 136 wraps around RBAP48 in a manner similar to the folding of EZH2 around EED and is solely responsible for the incorporation of RBAP48 in the PRC2 complex (4, 13, 15) (fig. S7B) .
The SUZ12 neck region serves as a scaffold for interaction with both cofactors. In addition to its critical role in the folding of AEBP2, as described above, the SUZ12 neck is also the region of stable interaction with JARID2 (Fig. 4) . Previous studies showed that a JARID2 construct containing residues 147 to 165 is important for interaction with SUZ12 (19) . Comparison of our structure of PRC2-AJ 106 with a 4.6-Å-resolution cryo-EM structure of PRC2-AEBP2 (i.e., lacking JARID2) (23) shows the presence of an additional density in the vicinity of the SUZ12 zinc-finger domain that we assigned to a JARID2 segment corresponding to residues 140 to 166 (Fig. 4, A and B) . This assignment agrees with our XL-MS data, which show the presence of cross-links between this region of JARID2 and the SUZ12 zinc-finger domain within the neck region (Fig. 4C) . The JARID2
4 of 6 (Fig. 4) , and the ABH of SUZ12. (E) Close-up of the neck region of PRC2 showing, in stick representation, the amino acids contributing to the hydrophobic interactions between the SUZ12 NR, the SAL of EZH2, EED, and the SUZ12 VEFS. Dotted lines indicate potential hydrogen bonds. Mutations in R508 and N562 (asterisks) have been observed in a number of cancers.
segment forms a helix-turn-helix motif that wedges in between AEBP2 and a b-sheet region within the SUZ12 neck (Fig. 4D) . The three-way junction between SUZ12, AEBP2, and JARID2 is important for stability: A core PRC2 complex in the absence of JARID2 and AEBP2 becomes dramatically more flexible, and its overall stability is decreased (Fig. 4D) (12) . Our structures show how JARID2 stabilizes the interaction between AEBP2 and SUZ12 to maintain the integrity of the complex by stapling the top, catalytic, and bottom lobes together ( Fig. 1D and 4D) .
Last, we observed a SUZ12 domain that is rich in b-sheet structure forming the "foot" of the complex [b-sheet domain (BSD) in Fig. 3C and  fig. S8, A and B] . Because of its flexibility ( fig. S2 ), we were only able to build this region as a polyalanine chain (Fig. 3C) . A domain search across the Protein Data Bank (PDB) indicated that it resembles an RNA recognition motif (RRM)-like fold (24) (fig. S7B ). SUZ12 and EZH2 have been implicated in RNA binding (25) (26) (27) . Long noncoding RNAs (lncRNAs) have been proposed to play a role in PRC2 recruitment to nucleosomes (28) or to affect its activity on nucleosome substrates (29) . We carried out hydrogen-deuterium exchange experiments in the presence and absence of the lncRNA XIST A-repeat that showed that this domain contributes to RNA binding ( fig. S8,  C and D) . Additional roles, such as binding to nucleosomes or DNA, are also conceivable for the flexible, RRM-like b-sheet-rich domain located at the foot of the complex.
Our structures of the full human PRC2 in complex with the two critical cofactors AEBP2 and JARID2 include regions of AEBP2, JARID2, and SUZ12 for which there was no prior structural information (fig. S9 ). Whereas the catalytic lobe of PRC2 containing EZH2, EED, and part of SUZ12 has been shown to be sufficient for methyltransferase activity, the bottom lobe of PRC2 described here is likely to provide additional regulatory functions for the activity and recruitment of the complex. Our structures highlight the critical role played by SUZ12 in maintaining the integrity of the full complex. The interactions of cofactors AEBP2 and JARID2 with PRC2, mimicking those of histone H3 tails, result in two active states and not only contribute to the global stabilization of PRC2 ( fig. S9 ), but also potentially aid in the synergistic stimulation of PRC2 activity and regulated recruitment to chromatin.
SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/359/6378/940/suppl/DC1 Materials and Methods Figs. S1 to S10 
